Abstract-Diagnostic techniques are reviewed in the context of insights they provide to physical processes dominating the implosion of laser fusion targets. Specific examples chosen from recent experiments demonstrate that adequate diagnostic techniques, resolved to microns and picoseconds, have been developed for the demanding requirements of laser driven "exploding pusher" targets. Future diagnostic needs are related to the special problems forseen with "ablatively driven" high density implosions.
INTRODUCTION

L
ASER induced fusion is the forerunner of a class of inertial confinement schemes in which hydrogen isotopes are heated to thermonuclear conditions in a very short time period. The process is characterized by such short time scales that fuel confinement is achieved through its own finite mass and expansion velocity. The latter approaches 1 ym/ps for ignition temperatures of order 10 keV (10' K). With current laser powers limited to several TW one readily estimates, on the basis of energy conservation, target mass, and expansion velocity, that target size and laser pulse duration are on the order of 100 ym and 100 ps, respectively. Within these constraints, targets have been heated and confined to the point where thermonuclear conditions have been achieved [ 11 . This paper describes a sampling of diagnostic techniques with requisite resolution (microns and picoseconds) to accurately describe the dynamics of a laser driven compression. As discussed in each case cited, these in turn provide insight to, and quantitative measure of, the physical processes dominating the implo- sion. The success of the inertial confinement fusion program is strongly dependent on the continued development of such diagnostics and the understanding they provide.
TARGET CONSIDERATIONS-WHAT ARE WE TRYING TO
DIAGNOSE? In this section we briefly review the implosion dynamics of two representative classes of inertial confinement targets, "exploding pusher" targets which achieve high temperatures but at low density, and "ablatively driven" targets which are capable of achieving both high density and high temperature with the appropriate driver. The ablatively driven target of Fig. 1 , first described by Nuckolls etal. [ l ] in 1972, is that of an idealized deuterium-tritium (D-T) liquid droplet designed to achieve both high density and high temperature with a several nanosecond duration shaped laser pulse. It is instructive in this case to represent the long laser pulse as a series of short pulses of increasing peak intensities [2] , [3] . These relatively weak pulses are absorbed in a rather benign fashion, each (ablated) material causes the remaining material to accelerate inward, initiating the implosion process. This inward motion of the target material is analogous to the acceleration of a rocket, the ablated material being analogous to the rocket's exhaust. Ever increasing optical intensities then continue to launch similar, but increasingly strong shocks towards the target center. The laser pulse profile is designed to have all the spherically converging shocks coalesce at the still unheated target center. By protecting the core from preheat, maximum compression can be obtained. With simultaneous compression and heating of a small core region, thermonuclear ignition conditions are achieved followed by a burn wluch propagates outward through the remaining fuel. The outwardly propagating burn plays an essential role in that it allows one to initially heat and compress only a small fraction of the fuel mass. The charged particle reaction products from this relatively small volume are then absorbed and heat successive layers of compressed fuel, producing a wave like process in which the entire fuel is heated to thermonuclear conditions, starting with the central core. A typical reaction is (see Table I) D t T + H e 4 (3.5MeV)+n (14.1MeV) where fusion of the heavy hydrogen isotopes produces a 14.1 MeV neutron and a 3.5 MeV a-particle (helium nucleus). Efficient capture of the energetic a-particles, necessary to burn the remaining fuel in a reactor application, requires that the immediately surrounding D-T fuel has a density-radius product of pr N-1 g/cm2. This is essentially a range argument, and is approximately twenty times more stringent than the pr(n.r) product one would estimate on the basis of a Lawson criteria [4] without capture of the a-particles. The primary difficulties with this particular ablative target design, partially contemporary, are that it requires a peak laser power of W, a factor of 100 larger than currently available, it provides no protection from the nonthermal electrons associated with the absorption of intense light, and it provides no unusual leverage against Rayleigh-Taylor type fluid instabilities-the primary concern in high compression experiments. Nonetheless, it gives insights to the essential dynamics of ablatively driven targets. A review of more sophisticated options, such as multiple layer concentric shells, is discussed in [SI .
A simpler class of experiments, which avoids the problems of stability and preheat, and works well with available lasers (0.5-20 TW), is described in Fig. 2 . These "exploding pusher" thin shelled targets operate in a significantly different manner than those considered above, Being irradiated by a very short laser pulse, the glass shell heats rapidly to a keV temperature before significant shell expansion can take place. The heated shell then explodes violently, both inward and outward, with the inward directed glass or pusher compressing the encapsulated D-T fuel in the process [6] . In addition to adapting to presently available laser powers and avoiding fluid instability problems, the "exploding pusher" targets offer several other advantages. The design uses rather than avoids electron preheat, and by working with short laser pulses, avoids the development of long density gradients in the plasma atmosphere where stimulated parametric processes, such as Brillouin . Diagnostics of a fuel pellet are addressed to regions dominated by differing physical processes and conditions. Densities in the plasma atmosphere are accessible to optical and ultraviolet probing. Higher electron densities and photoelectric absorption make x-ray wavelengths more appropriate for diagnostics of the glass pusher.
scattering, can reflect away much of the incident light before it is absorbed. In short, exploding pusher targets have permitted the laser fusion program to proceed with the development of diagnostics and complex computer codes during a period in which available lasers lacked sufficient power to drive an ablative implosion to thermonuclear conditions. Of course nothing is free. The cost of producing high temperatures with small energies is that the reacting mass is small and not very dense. The cost of avoiding fluid instabilities is that of reaching densities not much higher than those started with. Rather than compressing a liquid droplet from 0.1 to 1000 g/cm3 and initiating a thermonuclear burn wave, we begin with a D-T gas at 0.001 g/cm3 and drive it to little more than 0.1 g/cm3. Resultant pr products are typically 3 X gm/cm2. However, experience with these simple targets has allowed the development of a firm foundation for studying the intermediate and high density implosions which lie ahead. This will help us in the near term as we begin the delicate tradeoff of temperature for density, attempting to travel as far as possible along the compression route while maintaining temperature at a sufficiently high level to produce a measurable reaction level. From the vantage point of experience then, we will review selected experiments of the "exploding pusher" type, considering them as a prelude to the more difficult problems of symmetry and stability associated with the high density experiments which lie ahead.
To consider the pertinent diagnostics for a given target, we isolate those regions where significant processes take place and give an estimate of the relevant physical parameters therein. Fig. 3 shows such a diagram for the exploding pusher target. Briefly reviewing the implosion dynamics, energy from a short intense laser pulse is partially absorbed in the plasma atmosphere, or corona. The fraction of absorbed energy going to thermal and nonthermal particle distributions is dependent on the absorption mechanism. For a steep gradient plasma, typical of short pulse irradiations, absorption is primarily by resonance absorption, a process in which, for intense laser light, most of the absorbed energy appears i n suprathermal electrons. These hot electrons have long mean free paths, enabling them to quickly and uniformly heat the entire glass shell to keV like temperatures. The heated shell then expands explosively, in both directions, viz., with approximately equal masses going radially in and radially out. The inner portion of the shell continues to move radially in, driving the encapsulated D-T gas with it until the internal pressure of the gas is sufficient to produce a stagnation condition. At stagnation the mean directed motion of the implosion is quickly converted to thermal energy. This drives the fuel ions to thermonuclear temperatures (10-20 keV). The reactions are quenched in several tens of ps, for this type implosion, by collisions with the colder electrons. A somewhat surprising aspect of this description is the relatively minor role played by thermal electron conduction of energy from the corona to the pusher. Transport of energy by this mechanism appears from simulations [6] to be inhibited by a factor of about 30 from classical values. Two candidate mechanisms for this inhibition are the presence of randomly oriented megagauss microscopic magnetic fields, and very strong collective density fluctuations. Each of these processes can deflect thermal electrons from given trFjectories and thus reduce the flow of energy from the hot plasma corona to the cooler glass shell. Each aspect of the energy transfer process just outlined, from laser to fuel, must be studied experimentally to confirm both qualitatively and quantitatively that the dynamics are correct as stated. Table I gives numerical values for important parameters in units convenient to the study of laser fusion processes.
PROBING THE PLASMA ATMOSPHERE
The plasma atmosphere is the relatively low density region surrounding the pellet where laser light is absorbed. It is formed by ablation of material from the target surface. In short pulse laser experiments, typically 100 ps in duration, the radial gradient of electron density is very sharp, e-folding on a scale of submicron to 10 pm or so. The density gradient in this region plays a very important role in the mechanism of light absorption [7] , and through that plays an indirect role in the partition of absorbed energy between thermal and nonthermal particle distributions, As outlined in Fig. 4 , there are three basic mechanisms through which intense laser light may interact with the plasma as it approaches the reflection or turning point in density where a given wavelength of light can no longer propagate. That density is referred to in plasma physics as the "critical density n,." The first mechanism is simple electron-ion collisions, sometimes called "inverse bremsstrahlung," where the electric field of the incident light rattles electrons, which then lose this energy in classical collisions with ions. The mechanism depends on both electron and ion density, thus increasing with n2 as the wave approaches the critical density (or reflection point). This mechanism is more important with shallow density gradients, as indicated in Fig. 4 (a) since the interaction volume for high n' is larger.
The parametric processes of Fig. 4 (b) also work most efficiently when the gradient is shallow. These are stimulated processes in which an intense (above threshold) laser field drives one or more longitudinal waves out of the noise in a three wave parametric interaction.
The dispersion properties of the acoustic waves are density dependent so that appreciable growth occurs only over fairly shallow density profiles. Both absorptive and reflective instabilities are possible depending on whether both or only one of the stimulated waves is longitudinal. A typical absorptive process is the "parametric decay" instability in which laser light decays into a high frequency electron acoustic (plasma) wave and a low frequency ion-acoustic wave, conserving energy and momentum as indicated in Fig.  4 (b). An important reflective instability is stimulated Brillouin scattering in which the incident laser light decays into an ion wave and a slightly downshifted electromagnetic wave. As before, these processes are generally expected to play significant roles in shallow gradient plasmas formed by intense laser light in the nanosecond regime. For shorter pulse experiments, the expanding plasma does not extend very far, tens of microns, before the pulse is over. An important short pulse, short gradient absorption mechanism is the rather poorly termed "resonance absorption" of Fig. 4 (c). In this. case, the gradient is sufficiently steep that the field strength of the wave reaching critical density is large. For p-polarized light obliquely incident on the plasma surface, a radial component of electric field exists at the "plasma resonance" where the dielectric constant of the medium goes to zero, viz., ep = 1 -wg/w2 =O.
With the boundary condition V e p E = 0 at the critical surface there is indeed a resonance, and depending on gradients and loss mechanisms, the field amplitudes may be very large causing a large transfer of energy to electrons in this region. The mechanism is angle and polarization dependent, and will only play a significant role where refractive turning of the incident light permits a strong field component to tunnel to the critical surface.
In summary, three different mechanisms are available for the absorption of light, contributions of each depending on the density gradient and temperature of the plasma, and on the intensity, polarization, and angle of incidence of the laser light. With only inverse bremsstrahlung (collisional absorption) leading to a thermal distribution of particle energies, the dominance of one mechanism over the others has a profound impact on implosion dynamics. For example, the uniform heating of an exploding pusher is in great portion due to the presence of suprathermal electrons, while on the other hand undesireable preheat in an ablative implosion is a sensitive function of the hot electron spectra. We will see in the following that for short pulse experiments and finite expansion times, radiation pressure effects and localized heating combine to produce short scale lengths. This assures the dominance of resonance absorption in short pulse experiments, with the concomitant production of suprathermal electrons as alluded to previously in the description of implosion dynamics.
To estimate expected scale lengths, we consider typical plasma expansion velocities and pulse durations. To first approximation, the scale length is given by
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where A t is an appropriate elapsed time, and Vth,e-j =
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is the plasma expansion velocity which is dependent only on the electron temperature K. T and the ion mass M . For an Si02 plasma ablating from a glass surface at 1 keV, the average ion mass is about twenty times the mass of a proton so that one expects an expansion velocity of order 0.1 pm/ps. For a pulse duration of 100 ps, typical of exploding pusher experiments, one estimates scale lengths to be of order 10 pm. Other factors conspire to reduce this value. For instance, radiation pressure due to the incident light itself may cause density profile steepening or critical surface deformation on both a small and large scale. Representative cases and nomenclature are described in Fig. 5 . Both of these features have been observed in recent experiments [8] . The most successful technique used to date for studying the plasma atmosphere is that of optical probing in the classical sense of interferometry, polarimetry, etc., except that the densities and gradients demand a wavelength in the ultraviolet. Fig. 6 shows the general technique in which a probe pulse of wavelength A, passes transversely through the plasma, its phase and polarization being modified by the refractive index of this ionized medium. The pulse must be temporally short to avoid smearing as the plasma density contours move outward, typically with velocities of order 0.1 pmlps. For an interferometer with fringe spacings of about 1 pm, one then requires a probe duration of -10 ps. Refractive turning of the probe through an angle 0 , as in Fig. 6 , must be minimized so that the ray is not lost to the collecting optics. For axial scale lengths of 1 pm and transverse dimensions of 20 pm, one requires a probe wavelengthin the ultraviolet in order to probe critical densities.
The technique for obtaining a synchronous optical probe is shown in Fig. 7 . Just after the oscillator switchout, a portion of the main laser pulse is reflected into a separate beam filtering, shaping, and amplifying chain. Nonlinear phase distortion is maintained below tenth wave. Amplification is followed by cascaded frequency doubling, for an overall wavelength change from 1.064 pm to 2660 a. Conversion efficiency in each case is maintained at no more than 10 percent so as to maximize pulse shortening effects [9] . The 30 ps infrared pulse then exits as an approximately 15 ps ultraviolet pulse. The UV pulse is then directed towards the target chamber for diag nostic use. The interferometer used is shown in Fig. 8 several microns is desirable but difficult to obtain with a pulsed W source and inherent mechanical drift. By imaging after the fact with CW He-Ne reconstruction procedures, these difficulties vanish. An example of focusing effects is shown in Fig. 9 , where a 40 pm focusing "error" produces a different fringe pattern. This is not a difficulty here because fringe patterns for all possible image planes are stored in the hologram, and easily retrieved by the visible reconstruction procedure. This could, however, be a significant source of error with classical interferometers in which mechanical drift might cause an undetermined focal shift between preshot alignment and actual irradiation time.
An example of a well focused interogram, along with its analysis, is shown in Fig. 10 at the critical surface, where the high density side has only particle pressure, while the lower density laser side has both a and is the speed of light. The model must then be modified Fig. 12 . Simple arguments show that flat fringes in an axisymmetric for flow field dynamics, temperature differences across the interface, and finite absorption on a realistic density profile. Typical numbers indicate an equivalence of thermal and radiation pressures at loz1 e/cm3, l keV temperature, and a laser intensity of 3 X 10'' W/cm2. The density step in Fig. 10 is thus somewhat larger than expected, probably due to temperature differences localized by inhibited energy transport in the critical region. As a practical matter, these results show that for 30 ps experiments, the scale lengths are everywhere less than 10 pm, and are approximately 1 pm near the critical surface. Referring to Fig. 4 , this measured profile suggests that resonance absorption plays the major role in absorbing laser light. The hole or cavity 4 fringes experiment indicate a density depression on axis.
shallow profile of 100 pm scale length or larger, required for efficient absorption by classical inverse bremsstrahlung or parametric decay, does not exist near the critical region in these short pulse experiments.
Further confirmation of density contour deformation by radiation pressure is observed in our experiments with flat disk targets, often referred to as "lollypops." An example is shown in Fig. 1 1, with the Abel inverted densities shown to the right for a plane transverse to the incident light. This is an example of the second case of radiation pressure described previously in Fig. 5(b) , that due to the transverse profile of the incident light. The cavity or density depression shown in Fig. 1 l(b) has a transverse scale approximately equal to the full width at half maximum (FWHM) of the incident focused laser beam. Although the data here were numerically inverted, inversion is not required to appreciate the presence of a density depression on axis. The mere appearance of flat fringes is sufficient to draw this conclusion. Fig. 12 sketches this reasoning by pointing out that ray paths are longer through the center of an axisymmetric plasma and therefore should provide larger phase shifts there, which would give the appearance of outwardly bowed fringes. By a reversed reasoning, flat fringes imply a density depression. In addition to large scale density cavities, we have also observed small scale rippling of the critical surface in our higher intensity experiments with parylene lollypop targets. An example is shown in Fig. 13 . As argued in the lower left of Fig. 12 , localized fringe variations are primarily due to density changes since optical path lengths are essentially equal within small areas of the target. These density variations are probably produced by hot spots in the incident light beam which push electrons out of their way through the increased radiation pressure. This process is unstable, since the low density region is of higher refractive index, thus tending to focus the incident light further, This process of "filamentation" causes a localized mixing of angle and polarization of the incident wave, leading to less pronounced parametric dependencies of measured characteristics expected for the dominant resonance absorption process. In addition, the localized ripples likely support strong surface currents due to the partial absorption of light on tilted surfaces (transverse momentum of the partially reflected waves is not conserved, a portion having been transferred to the electrons). These randomly oriented surface currents would then lead to randomly oriented magnetic fields, estimated by particle-in-cell computer simulations to be in the megagauss range [l 1 ] . These random microscopic fields are not to be confused with the somewhat larger scale toroidal fields due to full target size Vn X VT gradients, whose magnitude is still a matter of discussion for laser fusion targets [12] . The great interest in strong microscopic fields is, of course, directed at understanding the reduction of energy transfer via electron conduction, which is observed indirectly in implosion experiments, an example of which will be presented in the next section. Although computer simulations also suggest strong ion density fluctuations which would reduce electron conduction by strong scattering, measurements which demonstrate such effects have not yet been devised. The experimental difficulty arises primarily because the suspected fluctuations are submicron in wavelength.
DYNAMICS OF THE PUSHER
The previous section discussed the mechanisms for light absorption, comments regarding hot electron production, and possible cause for the inhibition of energy transport by thermal electrons. In this section we discuss measurements of pusher dynamics which provide a basis for quantitatively testing the resultant exploding pusher mode. As described in conjunction with Fig. 3 , electron densities in the ionized pusher are in the 1023-1024 e/cm3 range. Densities such as these require an x-ray wavelength to be above cutoff. Furthermore, photoelectric absorption is strong, particularly in the partially ionized silicon. As a consequence, x-rays in the 1-10 keV range (approximately 1-10 a) are most useful for studying pusher dynamics. With exploding pusher targets, the shell is immediately heated to keV temperatures, which in combination with the high densities in that region, provide copious amounts of x-rays for diagnostic purposes. Examples of such emission are shown in Fig. 14 by the time integrated x-ray image, obtained in this case with an x-ray microscope [13] , and by the space-time integrated x-ray emission spectra [14] . Time integrated techniques such as these played a major diagnostic role in the early stages of the laser fusion program, and continue to do so today. For instance, the measured x-ray emission spectra of Fig. 14(b) , displaying thermal and athermal components, has been used for some time to assess the role of (b) Space-time integrated x-ray emission spectra for an experiment similar to that described in (a). The time integrated image of Fig. 14(a) can be understood in terms of our earlier description of exploding pusher dynamics. The outer ring of x-ray emission occurred during the early phase of laser heating, before the shell exploded. Brightest emission regions are associated with spatially intense areas of the incident light. Upon explosion, density drops everywhere reducing the intensity of x-ray emission below detection threshold. Density, and hence, x-ray emission rise again at the target center as the inner half of the shell stagnates against the compressed fuel.
Measurement of the "implosion time" between these x-ray emission peaks can provide an estimate of the average implosion velocity v= Ar/At. Fig. 15 shows a simplified schematic diagram of an x-ray streak camera whose temporal resolution x-ray envelope strikes a slit shaped gold photocathode emitting a similar envelope of secondary electrons. The slit image is then focused by electron optics at a visible phosphor screen. Deflection electrodes sweep the slit shaped electron beam across the surface, displaying the temporal modulation thereon, i.e., the temporal x-ray bursts are spatially separated in the vertical direction of Fig. 15 , Sample x-ray signatures are shown in Fig. 16 for three experiments with 82 pm diameter, 1.7 pm thlck glass shell targets [I71 . Complimentary data from x-ray microscopes as in Fig. 14(a) and temporal signatures as in Fig.  16 permit one to deduce average implosion velocities, typically in the 2-4 X IO' cm/s range. Although it is encouraging to obtain mean velocities in this manner, the technique leaves a great deal to be desired. First of all, it provides only a mean velocity, not the detailed implosion history required to elucidate the important physical processes. Further, the technique is susceptible to interpretive errors when the x-ray bursts are not well separated, as occurs for example with somewhat smaller target radii and wall thickness than used for Fig. 16 .
A better method for measuring implosion velocities is to combine both imaging and temporal recording in a single measurement, as illustrated in Fig. 17 . A 6 pm diameter pinhole [I81 is used to form an image of the target, in its own x-ray emission, at the streak camera. Because the photocathode is slit shaped (one-dimensional), only a narrow section of the x-ray image is actually detected. The formation of a spacetime implosion diagram is illustrated in Fig. 18 where an equivalent cathode slit is placed across the target image. Early Fig. 19 for a single-sided target irradietion. Note that target disassembly is two-sided, albeit asymmetric.
x-ray emission due to laser heating is from the outermost target regions, followed by peak x-ray emission from the stagnated core. As seen from the streak camera slit, an x-ray emission front appears to propagate inward from both sides. Sweeping action within the streak camera stretches the motion in time, as shown to the right-hand side of Fig. 18 . respectively. Shown are film isodensity contours, monotonically increasing towards the target center. Fig. 20 shows no emission from the uniradiated left side at early time, as expected. The dashed lines of Figs. 19 and 20 follow peak x-ray emission as a function of time. That these lines are curved indicates that the pusher is accelerating as the implosion progresses. Fitting a constant acceleration to these trajectories we obtainmeanvalues of 4.2 and 3.4 X lo'' cm/s2 on the leftand right-hand sides, respectively, of Fig. 19 . The relation between x-ray emission front propagation and shell-fuel interface motion is addressed in Fig. 21 where calculated results using the computer code LASNEX are compared with the measured results of Fig. 20 after correction for film recording characteristics. The general characteristics are observed to be quite similar. The calculations are extremely valuable in that they include two-dimensional laser irradiation and heating effects, making it possible to separate and compare propagation of the x-ray emission front (solid line) with the fuel-pusher interface trajectory (dashed line). The inset to the left indicates that less than half the laser pulse played an effective role in this implosion, that is to say, the pulse duration was mismatched to the target radius.
A general feature of these comparisons is that good agreement is obtained for final implosion velocities only when significant inhibition of energy transport by thermal electrons is included. Fig. 22 shows calculated velocity and radius histories for three models chosen to test the effects of hot electrons and transport inhibition.
Comparison is with the two-sided implosion experiment described in Fig. 19 . Best results are obtained [20] (unlabeled curves, Fig. 22 ) when thermal electron conductivities are reduced a factor of 30 below classical values. Without hot electrons, pusher acceleration is decreased, but continues for a longer time because of the lower fuel pressure, resulting in similar final velocities but a noticeably different final radius.
It is interesting to note that the suprathermal portion of the x-ray spectra [see Fig. 14(b) ] is generally acknowledged to accompany nonthermal electrons as produced in the resonant absorption of laser light [21] . With "hot" electron lifetimes of a few picoseconds or less, the associated hard x-rays should basically follow the light pulse, while the thermal component decays on a somewhat slower hydrodynamic time scale. Observations which confirm this general behavior have been recorded in many experiments at Livermore using the x-ray streak camera of Fig. 15 , and a 12-channel filter pack in place of the pinhole optics. Sample data reported by Lee et al. [22] are shown in Fig. 23 . Although the authors report some uncertainty in the cathode response function, and hence assigned temperatures in the spectral unfold, the different temporal signatures for thermal and suprathermal portions of the spectrum are evident.
DIAGNOSTICS OF THE HEATED CORE
As considered to this point, laser energy is first absorbed and transported by electrons, eventually equilibrating with ions of the glass pusher. The pusher then explodes, as described in the previous section, transferring a considerable fraction of its random thermal motion to the mean directed motion of the pusher. Because the ions and electrons are constrained electrostatically to move together, the bulk of this mean energy is Our study of energy flow from laser to electrons and eventually to thermally energetic fuel ions is thus complete. The significant point, as far as diagnostic resolution is concerned, is that reaction physics are self-limited to the ps range, and that one can therefore concentrate efforts on the development of techniques resolved spatially to microns. Two techniques which have recently provided significant data concerning the compressed core are alpha particle imaging of the burn region through zone plate coded imaging (ZPCI), and density measurements via the observation of x-ray line widths from high-2 seed atoms in the fuel region. The general technique of ZPCI is described in Fig. 24 . Three incoherent source points cast shadow images of the zone plate coded aperature. The source point emission can be in the form of x-rays, electrons, ions, etc. Geometry is chosen so that diffractive effects play no role in the encoding process. The resultant shadowgraphs, recorded in an appropriate emulsion or polymer, are then reconstructed with coherent visible light, in this case using the diffractive properties of the zone plate to focus light at three appropriate conjugate points, as shown in the lower portion of Fig. 24 . Points B and C, lying in the same plane, produce similar sized, but displaced zone plate shadows, and therefore reconstruct in the same plane. Image brightness is proportional to source brightness. Point A projects a smaller shadow because of its greater distance. Upon reconstruction, the smaller zone plate shadow projects a closer image point for A , thus reproducing the three-dimensional nature of the original incoherent source. With free standing gold zone plates of large solid angle, 2.5 pm outer zone width (approximately equal to the resolution) and 10 pm thickness, Ceglio [23] has exploited this powerful technique with applications to electrons, x-rays, and a-particles. An example is shown in Fig. 25 of the third-order reconstructed image of aparticle emission from a laser compressed fusion target. These results prove beyond doubt that detected D-T reactions occur within a small core region of the target and, relying on concurrent a-particle and neutron spectroscopy, [24] , [25] that the reaction is thermonuclear in nature.
A technique for measuring density ( p ) and density radius ( p r ) products in imploded target cores is that of spatially \ 1'' pm/Laser target irradiated [26] , at the University of Rochester, are shown in Fig. 26 . In addition to the glass lines, they identify the Lyman*, 0, and y lines of hydrogen-like neon. Relative amplitudes indicate that the Ly-a line is optically thick, yielding data concerning pr, while the optically thin neon Ly-7 line at 1.28 keV gives data on the density. Analysis of the latter is shown in Fig. 27 . Best fit of the stark profile is for an electron density of 7 X e/cm3 at KT, = KG = 300 eV, giving p = 0.26 g/cm3. Analysis of the optically thick Lyman-or line at 1.02 keV gives a pr value of 2.2 X g/cm2. These line broadening techniques have recently been extended to D-T-neon mixtures in target compression experiments at Los Alamos [27] , using a two beam C 0 2 laser as the driver. According to Griem [28] , results like this can be pushed to e/cm3 with less theoretical difficulties by going to x-ray lines of helium-like argon and somewhat larger laser power. Use of these 3 keV lines would then extend the technique to densities of about 5 g/cm3, or 25 times the density of liquid D-T.
FUTURE DEVELOPMENTS
As outlined in the Introduction, the current direction of laser fusion experiments is towards longer pulse duration, ablatively driven implosions with an emphasis on achieving moderate to high densities with measurable thermonuclear conditions. Difficulties with target preheat and implosion stability w i l l require clever target designs and innovative diagnostic techniques. Preheat is of special concern because maximum compression (peak pr) is particularly sensitive to generation and protection from suprathermal electrons and x-rays. These spectra are expected to change in long pulse experiments because the plasma atmosphere will have expanded for a longer time and thus be characterized by long, shallow electron density gradients. Shallow gradients, in turn, will support parametric interactions of the kind discussed in Fig. 4(b) . In addition to permitting stimulated Brillouin scattering, which effectively acts as an energy loss mechanism, long gradients are expected to conspire with mechanisms such as the parametric decay instability to produce high phase velocity plasma waves in the interaction region. Through waveparticle interactions this may in turn provide an effective mechanism for the production of electrons in the 100 keV range. It is important that the plasma conditions and laser intensities which determine thresholds for these processes be well understood. To probe these new plasma conditions, novel diagnostics are required which provide well synchronized long and short laser pulses for irradiation and probing, respectively. Kuizenga, Murray, and Lowdermilk [29] , in a recent series of papers, propose use of an unusually stable actively modelocked oscillator, or oscillator pair, to drive regenerative amplifiers and passive pulse shapers which satisfy these demands. Efforts to utilize coherent far U V or X-UV probe techniques, which would reduce refractive effects in these generally larger plasmas, await the development of more efficient, single pulse
Implosion stability is expected to be the most difficult aspect of high density implosions. Commonly referred to as the short duration x-rav Dulse for two-dimensional recording at a preselected time. Diffracting devices might be used for a multiplicity of images-at differing x-ray wavelengths.
Rayleigh-Taylor stability problem, it develops when compressive forces are not absolutely uniform. The most often quoted example is that of a heavy liquid layer on a less dense liquid. A slight perturbation of the interface causes localized pressures in excess of the mean, which quickly grow into deep depressions with attendant mixing. An analagous situation can occur in laser driven implosions where the pusher-fuel interface breaks up due to localized nonuniformities in either the target or driver [31] . Detailed measurements of possible pusher-fuel interface deterioration promise to be among the most challenging tasks in the coming years. The study of mean pusher dynamics (as distinct from surface breakup) is also more difficult in ablative implosions than with earlier exploding pushers. In general, the ablative implosions are relatively cold and thus do not self-emit sufficient x-rays in the keV energy range. Rather, diagnostic x-rays must be supplied by an external or secondary source. A representative x-ray probing scheme of the type being considered in several laser fusion laboratories, is shown in Fig. 28 . While the imploding target is driven by laser pulses from left and right, a secondary target or "backlighter" is separately driven t o higher temperature, emitting intense multi-keV x-rays which pass through the primary target and serve as an incoherent x-ray probe. Transmission data then serve to characterize the target configuration during implosion. This procedure is amenable to both flash and streaked imaging applications, the former offering the advantages of two-dimensional spatial data and smaller required driver, while the streaked version offers a space-time dynamical history (similar to that in Figs. 17-22 ) and a reduced sensitivity to uncertainties in the time of peak compression. Fig. 29 shows typical x-ray transmission data expected for the relatively cold implosion of a 140 pm, diameter, 5 pm thick glass pusher, initially surrounded by a 30 pm thick beryllium (Be) ablator. It is important in these transmission studies that the x-ray probe energy be chosen such that the pusher-ablator interface be well identified for comparison with computer simulations. In choosing the x-ray probing energy, a trade-off must be made among dynamic range, available x-ray flux, and other factors which affect the data, such as anticipated spectral and spatial blurring. The emphasis of a particular experiment will determine these choices, If, for instance, the emphasis is on peak compression conditions, rather than implosion dynamics, a higher x-ray energy is required to compensate for anticipated higher pr values. The x-ray probe used in Fig. 29 has an energy band of 2.8-3.0 keV and has been chosen to emphasize dynamical data through most of the implosion, but will provide some data on peak compression, depending on achievable resolution. Lower energies would require greater dynamic range than the streak camera or other detectors could generally provide. This is due to increased absorption in both pusher and ablator. Higher x-ray energy will result in reduced dynamic range requirements, but fewer available photons for probing. Early experiments with a 1 keV x-ray flash have recently been reported by Key et al. of the Rutherford Laboratory in Oxford [32] . The opportunities for innovative diagnostics are particularly rich in this field, with the possibility of using enhanced x-ray line production to drive more sophisticated absorption, refraction, and phase techniques.
With ever increasing density and pr products at peak com- . Predicted x-ray absorption profiles are shown for uncompressed and compressed target balls. Target is initially a 140 pm diameter, 5 pm thick glass ball with a 30 pm thick beryllium ablator. At a later time, the target is compressed radially a factor of five in the fuel region, with a 20 times normal density Be ablator. Details of the ablator profile beyond 20 pm radius are not included, nor is finite resolution, which varies with imaging technique and available photon flux. X-ray probing energy is a 2.8-3.0 keV band. Such data might be obtained from a space-time streak as described in Fig. 28. An essential feature is recognition of the pusher-ablator interface, as discussed in the text. Note the expanded radial scale (abscissa) in the compressed case.
pression, fuel region diagnostics of recent vintage will quickly outdate themselves. This is primarily due to increased absorption of keV x-rays and &-particles in the surrounding pusher. This is further complicated, in the early stages of intermediate density implosions, as an attempt is made to trade off temperature for density within the constraints of a finite driver. For instance, increasingly energetic x-rays from appropriate seed atoms may be used to overcome increased absorption, but falling temperatures may preclude production of a sufficient flux. Emitted neutrons, having sufficient range to easily escape expected p r conditions, can serve as a valuable and reassuring diagnostic, but they too are likely to be scarce in early trade-off experiments.
As target performance improves with the availability of more powerful laser drivers, new diagnostic tools will come into play for high yield, high p r implosions. Neutron activation [33] and thermonuclear induced K-shell vacancy techniques [34] are among those being considered.
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